A method for precise multi-spot parallel ultrafast laser material structuring is presented based on multi-beam interference generated by dynamic spatial phase engineering. A Spatial Light Modulator (SLM) and digitally programming of phase masks are used to accomplish the function of a multi-facet pyramid lens, so that the laser beam can be spatially modulated to create beam multiplexing and desired two-dimensional (2D) multi-beam interference patterns. Various periodic microstructures on metallic alloy surfaces are fabricated with this technique. A method of preparing extended scale periodic microstructures by loading dynamic time-varying phases is also demonstrated. Scanning electron microscopy (SEM) reveals the period and morphology of the microstructures created using this technique. The asymmetry of interference modes generated from the beams with asymmetric wave vector distributions is equally explored. The flexibility of programming the period of the microstructures is demonstrated. 
Introduction
Femtosecond laser fabrication is an exciting and potentially practical technology for accurate processing of materials. Its major advantage derives from low thermal effects affecting the interaction region and subsequent high precision. In addition, the technique can be efficiently used on a large variety of materials (including metals, ceramics and polymers) due to a strong confinement of energy and nonlinear localized ablation [1] [2] [3] . However, the application of femtosecond laser fabrication is subject to various restrictions due to its low processing efficiency, triggering a strong effort into defining parallel processing technologies. The femtosecond laser interference lithography has the capability of single-step generation of precise microstructure patterns in large dimensions, which offers a parallel processing method of proven high efficiency [4] . Several other advantages can be stated such as no specific requirements for photomasks, and the possibility of breaking the diffraction limit of light so that nano-scale structures can be created [5] . The one dimensional (1D) fringe structure generated by two-beam interference has been widely used in grating fabrication [6] . In comparison, two dimensional (2D) and three dimensional (3D) light patterns which can be generated from multi-beam interference arrangements have promising applications in a large variety of photonic devices fabrication on surfaces and in the bulk. Examples include micro-lenses arrays [7] , surface relief nanostructure [8] , photonic crystals (PC) [9] , functional surfaces [10, 11] , and micro electro-mechanical systems (MEMS) [12] .
The generation of precise interference patterns is rather challenging in various kinds of applications. A system of multi-beam interference is usually constructed with amplitude division mirrors, and optical delay stages in order to achieve certain spatial and temporal overlapping of the divided pulses [13, 14] . In fact, the major challenge of creating multi-beam interference is the achieving of temporal superposition of the multiplexed femtosecond pulses. Controlling the temporal overlapping is typically based on nonlinear frequency conversion methods such as second harmonic generation (SHG) or third harmonic generation (THG). The levels of difficulty and complexity will enhance exponentially with the increase of the number of beams. Thus, there are no efficient ways to form 7 or more beams interference, and the fabrication of the complex quasi-periodic structure is limited to multiple and sequential exposure technology [15, 16] .
There is an alternative method to form stable multi-beam interference, where the splitting system mainly consists of a diffraction beam splitter (DBS) and a confocal imaging system without the need of an optical delay stage [17, 18] . This technique is particularly useful for creating multi-beam interference of femtosecond pulsed beams since the temporal overlap of femtosecond pulses can be easily achieved with DBS. However, an aperture array, which was needed to select beams to form the desired interference pattern, usually leads to severe energy loss. Therefore it is very difficult to fabricate periodic structures on materials with a high ablation threshold which require strong optical power concentrations. Diffraction gratings can act as a phase mask, and interference can be formed by the first order diffraction beams [8] , but its practicality is limited by the low diffraction efficiency, high cost and the lack of flexibility of gratings. Holograms based on Liquid-crystal Spatial Light Modulator (SLM) have the advantages of high-throughput pulsed irradiation and high energy efficiency. However, in practice it is very difficult to obtain uniform light spots even with the help of complex optimization algorithms [19] [20] [21] .
A standard pyramid lens can form multi-beam interference easily with the benefits of low cost, high damage threshold and high transmission [22] , and the spatial and temporal overlap of femtosecond pulses can also be guaranteed by the symmetry of the pyramid. However, each pyramid can only form one specific interference pattern because of the interference angle is confined by the base angle of the pyramid. Thus, the flexibility of using pyramid lenses is limited.
In this paper, a simple and flexible method to form multi-beam interference patterns based on a phase only SLM is presented. Multiple facet pyramids phases calculated according to actual pyramid lens technique were applied on the SLM to split a laser beam into several components of equal intensity and to form multi-beam interference. The method is useful for creating close packed periodic focal arrays, which is difficult using techniques such as holography. Moreover, in comparison with the DBS and the glass pyramid, the technique allows more easiness to control the structure and the period of the interference pattern by adjusting the facet number and base angle of the pyramid. Consequently, even various complex patterns formed by the interference of a large number of beams can be generated. To allow for sufficient energy density, the interfering pattern can be spatially demagnified and transferred onto the sample through a 4ƒ imaging system and a focusing objective. The fabrication of periodic microstructures on metallic alloys surfaces is demonstrated, where scanning electron microscopy (SEM) images reveal a precise morphology of the microstructures. An efficient method of preparing large scale periodic microstructures is proposed, requiring simply loading dynamic phase patterns that achieve exposure without involving sample translation. Possible applications of this technique in anti-reflective surface microstructures for solar cells are indicated. The asymmetric interference mode generated from asymmetric phase masks is also explored for enhanced flexibility.
Method
Refraction at the surfaces of a wedge prism will introduce light deflection by a fixed angleθ , which is approximately given by ( 1) , n θ α
where n is the refractive index of the prism material, and α is the base angle of the prism (defined as the angle between the prism base and its side facet). A prism that has an inclined phase front can manipulate a point in the image plane with a lateral displacement proportional to the base angle of the prism [23] . In a practical laser writing system, the lateral offsets between the laser focus and optical axis caused by a prism can be calculated by
with δ being the lateral shift of the laser focus, f being the focal length of the writing objective and θ being the deflection angle defined by Eq. (1). By changing the prism angle α , the location of the focus point in the focal plane can be precisely manipulated. This can be realized in a programmable way in SLM-based systems, where dynamic, varying spatial phase distributions of the laser beam can be modulated by controlling the refractive index distribution of the liquid crystal matrix. Rotating a prism and changing the prism angle at same time, one can steer the laser beam in the same way as a two dimensional galvanometer or a piezoelectric scanner. To realize the full potential of this method, we introduce a dynamic phase of the prism with a continuous variation of its base angle, followed by the rotation of the inclined phase. A helix structure was fabricated on the metallic alloy (0Cr18Ni9) surface without any mechanical movement, as shown in the Fig. 1 . The change rate of the tilt angle and the rotation speed of the inclined phase codetermine the period of the helix. Light beams passing through a symmetric multi-facet pyramid lens is comparable to the situation of one prism while multiplying the result in several directions, making this a straightforward solution for multiple output beams. Each part of the beam incident on a facet will have a different deflection direction and they could be coherently combined to form interference after the pyramid lens. The theoretical frame of using symmetric pyramid lens to form multi-beam interference and generate multiple light spots was elaborated in [22] . Briefly, the laser pulse, when transmitted along the optical axis of the pyramid lens, was divided into components of equal intensity which is determined by the number of the pyramid facets. The wave vectors of the divided beams distribute symmetrically along the optical axis. Thanks to the symmetry of the pyramid lens, the divided components would intersect to form interference in a domain defined by the initial beam size and the deflection angle and their temporal overlap is automatically achieved.
The interaction with the pyramid lens will impose a phase mutation on the light beam which is decided by the quantity: ( ) (2 / ) ( ) r r ϕ π λ = Δ , where λ is the wavelength of the laser and ( ) r Δ is the optical path difference (OPD), determined by the pyramid lens' refractive index n , and the base angle α . Via its programmable phase the SLM can efficiently work as a pyramid lens with variable refractive index and base angle to form multi-beam interference in a simple, straightforward and flexible method. We will verify the feasibility of this approach in the following sections. First, we present the geometrical configuration of the phase masks corresponding to several multi-facet pyramid lenses, as shown in Figs. 2(a)-2 
Experiment and results

Experimental setup for femtosecond laser interference
The experimental setup of the multi-beam interference system based on SLM phase modulation is schematically depicted in Fig. 3 . Femtosecond laser pulses (with a 120 fs pulse duration, 800 nm center wavelength and 1 kHz repetition rate) are produced by a Ti:sapphire regenerative amplified laser system (Spitfire, Spectra Physics). The pulses were expanded and reflected on the calibrated SLM (HOLOEYE PLUTO phase modulator). The phase mask loaded on the SLM was calculated to simulate an actual multi-facet pyramid lens but with adjustable parameters. Considering the dynamic range of the SLM, all phases are given modulo 2π. The multi-beam interference with different characteristics can be formed by changing the phase mask, with a negligible influence of the 0 order. The generated light spots can be imaged by a charge-coupled device (CCD) equipped with a 10 × objective. For the purpose of periodic micro-structure fabrication, a 4ƒ system and 10 × objective was used to transfer the interference pattern to the sample surface. A dichroic mirror and CCD can monitor the pattern on sample surface in real-time. configuration. An objective lens was used to focus the formed spots onto the sample surface and via the dichroic mirror the CCD camera can monitor the sample surface in real-time. Different interference patterns were formed by changing the calculated phase masks.
Interference pattern formed by SLM
By loading the multi-facet pyramids phases, the multi-beam interferences were formed by SLM. The optical images of the phase-engineered 2D patterns which were generated from multi-beam interferences were captured by the CCD equipped with a 10 × objective, as shown in Fig. 4 . The phase masks used in the experiment were calculated according to the practical pyramid lenses with the base angle of 2° and the refractive index of 1.5, similar to that used in the simulation previously discussed. As can be observed, the intensity distributions of the three-beam interference pattern shown in Fig. 4(a) and four-beam interference pattern shown in Fig. 4(b) have the geometrical configurations of hexagon and square, respectively. The measured period of the symmetrical hexagon lattice shown in Fig. 4 
where λ is the wavelength of the laser and θ is the interference angle, which is approximately equal to half of the base angle of the pyramid lens when the base angle is small enough. In fact, using Eq. (1) based on the refraction theorem, if the refractive index of the pyramid lens is 1.5 n = , we can find / 2 θ α = , where α is the base angle of the pyramid lens.
Obviously, the period of the lattice will decrease with increasing base angle when the other laser parameters are invariable. The first glimpse of the higher complexity pattern formed by an increasing number of interfering beams (5 beams, 7 beams, 9 beams, 15 beams and 25 beams interference) depicted in Figs. 4(c)-4(g) show an evolution away from the rectangular symmetry, although they still have periodic structures. The pattern formed by 5 beams interference shown in Fig. 4(c) has some resemblance to a quasi-crystal lattice, and the patterns formed by 9 beams, 15 beams and 25 beams interference have interesting lattice distributions of increasing circular symmetry. Enhancing the number of facets of the pyramid lens, the multi-facet pyramid lens will approach an axicon form. By loading the 40-facet and 50-facet pyramid lens phases into SLM, the 40-beam and 50-beam interference patterns are shown in Fig. 4(h) and Fig. 4(i) , which come close to the pattern of a zero-order Bessel beam.
Comparing the experimental results shown in Fig. 4 with the simulated results shown in Fig. 2 , the agreement between them is obvious in both the geometrical configurations and the periods within the patterns. The agreement between experimental and calculated intensity distributions extends also for various other parameters which are not shown here. This confirms that SLM with proper phase pattern design can be used to replace pyramid lenses with high accuracy and flexibility. We note that the limited bandwidth of the laser does not produce observable chromatic effects.
Periodic micro-structures fabrication by symmetric pyramid phases
A number of periodic structures were fabricated on metallic alloy (0Cr18Ni9) surfaces by using the multi-spot patterns generated from the interference technique described above. The phase masks used in the fabrication were calculated based on the 3-facet and 4-facet pyramid lens, with the base angle of 2°respectively, and both three-beam and four-beam interference patterns were formed to fabricate periodic structures. The axial extension of the interference region encompassing the presence of multiple interfering light spots with a constancy in the resulting pattern (which can be calculated as / tan Z ω θ ≈ , where 4 .32 ω = mm is the radius of the laser spot and 1 θ =° is the interference angle) was about 25 cm, starting at the SLM position. For the convenience of the experiment, a 4ƒ system (ƒ = 200 mm) was used to transfer the multiple light spots pattern further away from the SLM surface. A 10 × objective lens (NA = 0.25) was employed to image the laser beam on the sample surface to achieve a high laser fluence and demagnify the period of the interference patterns. The objective was placed at 150 mm behind the last focal plane of the 4ƒ system, so that the period of the interference patterns can be compressed by ten times. The extension of the depth of field is related to the initial interference domain and the demagnification factor of the imaging system, allowing equally a certain tolerance in positioning the objective. The real-time CCD monitoring of the sample surface via the dichroic mirror can inspect the pattern distribution on the sample. The morphology details of the fabricated structure were post mortem imaged using a high-resolution scanning electron microscope (SEM). clearly reveal the lattice structures of hexagon and square, respectively, and the period of the hexagon structure is about 2.7 μm while the parameter of the square structure is about 3.4 μm. There is a good agreement with the calculated values of 2.6 μm and 3.3 μm assuming 10 × image demagnification ratios. The minor discrepancies may be caused by the tolerances in localizing the surface with respect to the image plane of the objective. Both the shape and the period of the fabricated structures are consistent with the anticipated character of the spots formed by multi-beam interference. This agreement confirms that the periodic structures were in fact fabricated by the interference of the laser beams directly.
Dynamic phase for large scale microstructure fabrication
To fabricate surface microstructures on a large scale, the practical technique requires mechanically translating the sample with respect to the laser beam. However the processing efficiency is limited by the speed and accuracy of mechanical movement of the stage and, to some extent, also the achievable complexity degree. The SLM based optical system offers great flexibility in manipulating each individual light beam in a complex multi-beam arrangement. It provides a straightforward way to fabricate large scale micro-structures of complex patterns, without the need of mechanically moving the sample [25] .
It is well known that a single facet prism with an inclined phase can manipulate light spots with lateral displacements in the image plane. Also, this concept is not exclusive to a single point, and it can be applied to multi-spots [23] . By adding an inclined phase to the phase of four-facet pyramid, the multi-spot pattern formed by four-beam interference would generate a lateral displacement in the image plane, which can be calculated from Eq. (2), where δ should be the lateral shift of the entire pattern. The total phase may be calculated by mod( , 2 ). 
Using this method, we scanned the complex pattern formed by four-beam interference via the displacements in the image plane and fabricated a large scale microstructure on GaAs substrate without mechanically actuating the sample. The description of the process and the corresponding phase masks are shown in Fig. 6(a) . In the laser irradiation area, a 30 × 30 multi-spot pattern with the scale of about 100 μm × 100 μm was fabricated in parallel at first. In order to eliminate disturbances by heat or interference through the subsequent steps, the entire multi-spot area is then phase-shifted by 100 μm to complete the final structures. So the inclined phase is stepwise changed with each base angle value of the prism accountable by the Eqs. (1) and (2). By shifting the phase and controlling the exposure time by the shutter, an overall 90 × 90 pattern of concave structures with the scale of about 300 μm × 300 μm was fabricated without mechanical movement of the sample. The microscope image of the experimental demonstration is presented in Fig. 6(b) . In the practical fabrication process the lateral displacement of the multi-spot may cause aberrations and lead to the defect of the structures. However, considering the resolution of the SLM and the low base angle value of the single facet prism, as well, the experimental imaging/focusing parameters (the focal length of the objective is 16 mm and the base angle of the single facet prism calculated by Eqs. (1) and (2) was 0.72 α =°), the aberrations caused by the single facet prism are small. We note however the presence of edge effects caused by the intensity distribution of the spots determined by the Gaussian apodization of the incident beam and the presumable influence of the field curvature in the imaging process.
It is conceivable that Fourier spatial filtering may improve the pattern quality, an aspect not investigated here.
Asymmetry interference mode generation
The multi-beam interference was not only limited to beams with symmetric waveform distribution. A more prevalent situation is where the wave vector of each beam is distributed asymmetrically along the propagation direction. The distribution of the wave vectors will decide the structural form of the interference pattern. The SLM can also easily form multi-beam interference patterns with the wave vectors of the beams asymmetrically distributed. Two-beam interference formed by a symmetric double facet prism will generate a fringe structure, as shown in Fig. 7(a) . This is a pattern widely used in grating fabrication. To be able to fabricate period-variable gratings, one of the facets of the prism can be replaced by a paraboloid. By loading this asymmetrical prism phase, an asymmetrical interference pattern with a varying period was obtained, as shown in Fig. 7(b) . The controlling of the spatially varying period of the grating structure can be achieved by changing the curvature of the paraboloid.
As to three beam interference, we change one of the prism angles from 1°to 2°in a 3-facet pyramid lens phase and compare the resulting interference pattern with that of symmetric facets. As shown in Figs. 7(c) and 7(d), the pattern of the interference pattern changes from a regular hexagon to an increasingly irregular hexagonal form. Fig. 7 . Comparison of the symmetrical and asymmetrical interference modes and corresponding optical patterns. Two-beam interference pattern of (a) period-fixed grating structure formed by two beam symmetric interference and (b) period-variable grating structure formed by asymmetric interference with half prism half parabolic masks. Three-beam interference pattern for (c) regular hexagon structure formed by symmetric interference in three equivalent facet pyramid lens and (d) irregular hexagon structure formed by asymmetric interference. The inset depicts the distribution of the wave vectors.
Conclusion
In conclusion, we have demonstrated that a SLM with numerically created phase masks can be used as a multi-facet programmable pyramid lens to form complex and flexible multi-beam interference patterns. By loading different phase masks calculated according to the symmetrical pyramid lens with various parameters and facets number, we were able to obtain multi-spot patterns with different lattice structures and periodicities. We were also able to create complex quasi-periodic structures through interference between 7 or more light beams. The fabrication of periodic microstructures on solid materials by using multi-spot interference technique was demonstrated. Extended area microstructures were also fabricated with phase-only pattern shift. The impact of asymmetric phase distribution on pattern creation was investigated. The predicted characteristics are in good agreement with the experimental results. The optical system based on SLM is simple, yet powerful and practical, and has the potential to replace rather complicated optical systems including multiple diffractive and refractive elements.
